Avian retroviral integration into the c-myb locus is casually associated with the development of lymphomas in the bursa of Farbricius of chickens; these arise with a shorter latency than bursal lymphomas caused by deregulation of c-myc. This study indicates that c-myb mutation in embryonic bursal precursors leads to an oligoclonal population of developing bursal follicles, showing a variable propensity to form a novel lesion, the neoplastic follicle (NF). About half of such bursas rapidly developed lymphomas. Detection of changes in gene expression, during the development of neoplasms, was carried out by cDNA microarray analysis. The transcriptional signature of lymphomas with mutant c-myb was more limited than, and only partially shared with, those of bursal lymphomas caused by Myc or Rel oncogenes. The c-myb-associated lymphomas frequently showed overexpression of c-myc and altered expression of other genes involved in cell cycle control and proliferation-related signal transduction. Oligoclonal, NF-containing bursas lacked detectable c-myc overexpression and demonstrated a pattern of gene expression distinct from that of normal bursa and partially shared with the short-latency lymphomas. This functional genomic analysis uncovered several different pathways of lymphomagenesis by oncogenic transcription factors acting in a B-cell lineage.
Introduction
Retrovirus-mediated lymphomagenesis in the bursa of Fabricius of chickens provides an experimental model system for molecular analysis of neoplastic change in a developmental B-cell lineage, in particular that induced by oncogenic transcription factors (reviewed in Neiman, 1994) . The most extensively characterized example is that of bursal lymphomas induced by deregulated overexpression of c-myc, either by avian leukosis virus (ALV) insertional mutagenesis Neel et al., 1981; Payne et al., 1981) , or by introduction of Myc-oncogene expressing retroviral vectors into bursal stem cells in transplantation experiments (Neiman et al., 1985; Thompson et al., 1987) . Myc-induced lymphomas are clonal neoplasms (Neiman et al., 1980) , which appear to be derived from embryonic bursal targets (Thompson et al., 1987) . They develop into metastatic lymphomas in a multistage fashion, appearing first as preneoplastic-transformed follicles (TF) (Cooper et al., 1960; Baba and Humphries, 1985; Neiman et al., 1985) . TF cell populations retain stem cell properties (Neiman et al., 1985; Thompson et al., 1987) and demonstrate altered cell death regulation (Neiman et al., 1991) , abnormally increased angiogenesis (Brandvold et al., 2000) , and blocked bursal B-cell emigration .
Myb was initially characterized as an acute myeloid leukemia-inducing oncogene in avian myeloblastosis (AMV) and E26 acute transforming retroviruses (Eckert et al., 1951; Leprince et al., 1983) . ALV insertional mutagenesis into the c-myb locus (usually myb intron 1) induces bursal lymphomas, which have a shorter latency than those induced by ALV-mediated c-myc deregulation (Kanter et al., 1988; Clurman and Hayward, 1989; Pizer and Humphries, 1989; Pizer et al., 1992) . The frequency of selection of a c-myb rather than a c-myc target in these shorter-latency neoplasms was enhanced by injecting ALV between days 10 and 14 of the 21-day period of embryonic development, and by mutations in the cis-acting negative regulator of splicing (NRS) element in the ALV gag gene, which appears to be involved in control of splicing and polyadenylation of viral RNA transcripts (Smith et al., 1997; Polony and Beemon, unpublished) . These factors lead to the production of truncated Myb (T-Myb), due to aberrant mRNA splicing; an ALV-myb readthrough transcript is spliced from the ALV splice donor site to a downstream splice acceptor site in myb exon 2. This deleted T-Myb, N-terminally truncated by 20 amino acids, shows enhanced oncogenicity over full-length Myb (Jiang et al., 1997) . T-Myb-induced lymphomas appear as primary bursal tumors which metastasize to liver and other viscera in a pattern similar to Myc-induced neoplasms, but otherwise have not been characterized with respect to preneoplastic stages and other tumorassociated phenotypes.
Retrovirus-mediated disruption of the c-myb locus is also oncogenic in mice producing myeloid leukemia (Shen-Ong et al., 1986; Gonda et al., 1987; Shen-Ong and Wolff, 1987; Wolff et al., 1988; Nason-Burchenal and Wolff, 1993) . A growing number of genes which can be directly regulated by Myb have been described (reviewed in Ness, 1996) , but in neither chickens nor mice are the regulatory targets and pathways known through which this transcription factor promotes tumorigenesis. One candidate oncogenic Myb target gene in murine myeloid leukemia is, in fact, c-myc (Schmidt et al., 2000) . Therefore, the intriguing possibility arises that the susceptibility of bursal cells to neoplastic change by T-Myb might be due to downstream deregulation of c-myc.
We have recently developed a chicken immune system cDNA microarray and employed this tool for the analysis of gene expression during development of bursal lymphomas induced by an myc oncogene . This study provided a transcriptional profile of the various stages of both normal bursal development and myc-induced neoplastic change and suggested a number of genes and pathways which appear targeted by deregulated overexpression of Myc. We have expanded this microarray with additional bursal cDNAs and employed it for analysis of broad transcriptional change during bursal lymphomagenesis associated with ALV insertional mutation of c-myb. The revealed changes in transcription, relative to that of normal bursal lymphocytes, were compared to those accompanying Myc-induced neoplastic change. We also compared both patterns to transcriptional change from acute in vivo transformation of bursal cells by a third oncogenic transcription factor, v-Rel (Barth and Humphries, 1988) . The results provide a novel view of both unique and shared effects on gene expression caused by these dominant oncogenes in a common target cell lineage.
Results

Short-latency tumor induction with ALV
In order to produce short-latency bursal neoplasms, 10-day-old chick embryos were infected with ALV with inactivating mutations in the NRS element. Three mutant viruses were used in this experiment. The first, DLR-9, has a small deletion in the NRS, and has been demonstrated to induce short-latency bursal lymphomas with rearranged c-myb due to DLR-9 proviral integration (Smith et al., 1997) . The other viruses, TP-916 and TP-919, have point mutations instead of a deletion in the NRS (Polony and Beemon, unpublished) . To collect material from short-latency neoplasia, all infected birds were terminated by 10 weeks after hatching. RNA and DNA was prepared from bursa and from bulky primary bursal tumors and liver metastases. ALV insertions in the first intron of the c-myb locus were detected by nested polymerase chain reactions (PCR) with primers in the 3 0 proviral LTR and the second exon of c-myb as illustrated in Figure 1 . Neoplasms and c-myb rearrangements were detected in birds infected with all three viruses. Histology of 12 birds with tissue positive by PCR for ALV integration into c-myb is summarized in Table 1 . These cases were selected for recovery of highquality RNA from bursa and large neoplasms easily dissected away from normal tissue. Figure 2 demonstrates Northern blot hybridization analysis of c-myb and c-myc RNA levels in bursa and tumor samples used for this study. Myb RNA levels were not markedly altered from levels in normal 2-weeks posthatching bursa (first lane). c-myc RNA levels were markedly increased, relative to normal bursa, in most, but not all, of the short-latency primary and metastatic lymphomas.
Oligoclonal bursal follicles with c-myb rearrangements and neoplastic follicles (NF) Figure 2 also shows relatively normal c-myc and c-myb RNA levels in a series of seven bursas which are designated 'clonal follicles with NF' for the presence of lesions in some of them that we have named neoplastic follicles (NF, Table 1 ). The DNA from all these bursas was positive for ALV integrations in the first intron of cmyb by PCR (Figure 1) . The chickens from which they were obtained were all terminated at or before 10 weeks of age, and were without gross evidence of lymphoma at necropsy. Histological examination showed the bursas were mixtures of NF and normal-appearing follicles in proportions varying from less than 1% to greater than 90% NF in the case of Bird R791. R791, uniquely within this subgroup, also had microscopic deposits of lymphoma in the liver. Figure 3 shows the appearance of NF compared to neighboring normal follicles stained with hematoxylin and eosin (H & E) and by immunohistochemistry with antibody to laminin to locate the basement membrane between follicular cortex and medulla. The H & E stain shows replacement of the bursal population with neoplastic-appearing lymphoblasts. These were indistinguishable from the tumor cell populations seen in bulky primary bursal lymphomas and metastatic lesions, except for their apparent confinement to the follicular architecture. In contrast to Myc-induced tumors, the NF (as well as the fully developed tumors) did not stain well with methyl green pyronin (MGP, not shown). The laminin stain demonstrates that the NF cells appear to develop primarily in the follicular cortex and expand to compress the medulla, while still separated by the basement membrane. Abnormal follicular histology with cortical expansion has been mentioned in previous reports which described preneoplastic-transformed or hyperplastic bursal follicles (Kanter et al., 1988; Pizer and Humphries, 1989) . These lesions, however, are quite distinct from the TF, which are the precursors of Myc-induced bursal lymphomas (Neiman et al., 1985; Brandvold et al., 2001) . TF do not appear to arise in the cortex, are strikingly MGP-positive and show extensive basement membrane disruption (Neiman, 1994; Brandvold et al., 2000) .
Exploiting the essentially random integration of proviral ALV in host cell DNA, we tested for clonal development of these NF-containing bursas by Southern blot hybridization (Neiman et al., 1980) . Pvu II cleaves the ALV provirus, leaving 4.2 and 1.2 kb proviral fragments joined to flanking host cell DNA, with viral LTR sequences at virus-host junctions. Probing Southern blots of PvuII-digested bursal DNA with ALV LTRderived probes will reveal detectable bands only if a large proportion of the cells have an ALV integration at the same locus; that is, are clonal progeny of an ALVinfected cell. Figure 4b shows such a blot. We detected several clonal integrations in DNA from all of the NF bursas. Lane 2 shows a positive control from an ALVinduced lymphoma cell line (DT40) with a viral integration into c-myc. The band intensities in lane 2 reflect clonality of the entire cell population. Because of the use of a small RAV-2 LTR probe, with sequences divergent from endogenous viral LTRs, we detected only weak endogenous viral bands in the normal bursal control DNA (lane 1). These bands did not correspond to the principal bands detected to varying degrees in the NF bursal DNA (lane 3-9), under the stringent hybridization conditions we employed. We concluded Northern blot hybridization to detect expression of cmyc and c-myb RNA. RNA from seven primary bursal lymphomas and liver metastases, along with RNA from a normal 2-week bursa and one normal liver, was analysed with a probe for c-myc exon 3, stripped and reprobed with c-myb as indicated. Signals were detected on a phosphorimager with correction for a loading with a tropomyosin probe (not shown) Figure 4c , demonstrated rearranged c-myb in all samples except B953b. Since that sample was positive by PCR (Figure 1 ), we presume, in this case, that the clonal population with c-myb mutation was below the level of detection by Southern blot hybridization. The rearranged bands (marked in Figure 4c ) included those of about the same size (B4-5 kb) in most of the samples. These corresponded to bands detected with the LTR probe (Figure 4b ), as might be expected for rearrangement due to ALV integration in a common region in the c-myb locus. However, there were additional changes detected with the c-myb probe in some samples (B967b, R791b), corresponding to bands detected with the LTR probe, suggesting the existence of other ALV-associated alterations of the locus. The proportion of NF seen in the bursa is given above each of the lanes in Figure 4b and c. While the bursa from R791, which had the highest proportion of NF, was apparently nearly completely clonal, other bursas, which had less than 1% NF, had easily detected clonal populations. Therefore, clonality was not confined to the NF population. Clonal population of bursas, with differentiated bursal follicles carrying c-myb rearrangements due to ALV proviral insertions, also have been reported in previous experiments (Pizer et al., 1992) . As mentioned, ALV infection of 10-14-day embryos is required to produce short-latency lymphomas with cmyb mutations (Kanter et al., 1988; Clurman and Hayward, 1989; Pizer and Humphries, 1989; Pizer et al., 1992) . Consequently, an attractive explanation for these results is that stem cells with ALV integrations in the c-myb locus had a proliferative advantage and populated bursal follicles (which appear at embryonic day 15) in a clonal fashion. It is not fully apparent why, over the 10 weeks of observation after hatching, these birds developed either NF or showed histologically normal follicular differentiation in this clonal bursal population, while other birds progressed more rapidly to fully developed neoplasms. In contrast to the majority of advanced neoplasms, none of the NF bursas showed increased c-myc expression ( Figure 2 ). Therefore, the possibility is raised that activation of c-myc downstream of c-myb mutation can promote rapid tumor progression.
RNA samples from four primary bursal lymphomas, metastases from four livers, and from the seven bursas containing variable numbers of NF were selected for microarray analysis.
Comparison of transcriptional change in neoplasms with ALV insertions in c-myc with Myc and v-Rel-induced bursal lymphomas
Cy-fluorescent-dye labeled cDNA probes from eight primary and metastatic tumor with c-myb rearrangements (see Table 1 ) were mixed with probes from normal 2-week bursas and hybridized to the chicken immune system cDNA microarray . For comparison, probes from four metastatic lymphomas induced by Myc, which were previously analysed by microarray , and probes from two v-Rel-induced bursal neoplasms were also prepared, mixed with normal bursal probes and hybridized on the array. Fluorescent array images were collected, data for signal ratios of tumor versus normal bursa were extracted and normalized as described ) with modifications as detailed in Experimental procedures. Figure 5 shows Venn diagrams summarizing the numbers of clones on the array with an increased or decreased expression in the tumors, relative to a normal 2-week bursa. To control for experimental variation, we carried out eight microarray experiments comparing probes from different normal 2-week bursa RNA preparations. Clones counted as showing changed expression in tumors in the diagram had at least twofold differences in tumor/normal fluorescence ratios which were more than 2 s.d. from the mean fluorescence ratio for that clone in the eight control experiments with normal bursal probes. Furthermore, they showed that expression change in at least five of the eight c-myb-associated tumors, three of the four Myc-induced, and both of the v-Rel-induced tumor. Figure 5 shows that, compared to the large transcriptional change in Myc-induced tumors, as was previously observed , the number of cDNAs with alterations in gene expression in the c-myb tumors was relatively limited. Furthermore, fewer than half of these cDNAs overlapped with the set of clones with altered expression in Myc-induced lymphomas. If one considers these consistent patterns of gene expression to be a tumor phenotype, then it is immediately apparent that these presumptive myb-induced tumors do not simply phenocopy Myc-induced neoplasia. Moreover, as shown in Figure 5 , patterns of transcriptional change due to acute bursal cell transformation by v-Rel were even less related to the Myb and Myc patterns. Downregulation of expression of many genes was predominant with v-Rel, consistent with the previously observed shutdown of differentiated functions such as immunoglobulin gene expression and diversification (Barth and Humphries, 1988) , which does not occur in Myc-induced bursal neoplasms (Thompson et al., 1987) .
Changes, particularly increases, in gene expression in the tumors with c-myb rearrangement ranged from 2 to 3-fold in the majority of instances. In order to confirm the significance of detected expression changes, we applied a novel second statistical test based on the rank-order of fluorescence ratios. This method normalizes data across microarray fluorescence ratio profiles and is suitable for the detection of gene expression that deviates from normal within a tumor cohort (Kimmel et al., unpublished) . For each experiment analysed, we ordered, from highest to lowest value, the fluorescence ratios for each clone on the array, and assigned a rank-order score. We predicted that, in each of the eight control experiments in which normal bursas were compared to one another, the rank-order score for each cDNA clone should be essentially random. In contrast, in the tumor experiments, scores for over-and underexpressed cDNAs should cluster nonrandomly toward the top and bottom of the rank order list, respectively. To test for consistency between the two statistical methods, Z-scores were calculated from the rank-order scores, and the results plotted against the Log 2 of the mean fluorescence ratios for each clone. Figure 6 shows the results of this plot for the eight control normal bursa experiments and the eight experiments on primary and metastatic lymphomas with cmyb rearrangements. Rank-order scores clustered as expected for the control and tumor samples in good agreement with the fluorescence ratios. The numbers of over-and underexpressed cDNAs, boxed in the figure by rank order analysis, corresponded closely to those shown in Figure 5 .
About 73% of the specific cDNA clones showing significantly increased expression, and 80% showing Figure 5 Micorarray analysis of changes in gene expression in tumors with ALV insertions in c-myb compared to Myc and vRelinduced lymphomas. Venn diagrams compare number of distinct and shared cDNA clones with at least twofold changes in expression, relative to normal 2-week bursa, in lymphomas associated with the three oncogenic transcription factors. The changes recorded for individual clones were greater than 2 s.d. from values in eight control microarray experiments with probes from normal 2-week bursa. In addition, they were present in at least five of eight primary and metastatic bursal lymphomas from birds with c-myb mutations, at least three of four such experiments with Myc-oncogene-induced metastatic tumors and both metastatic lymphomas caused by v-rel. Data were analysed using Gene Spring software to generate the diagrams Figure 6 Rank-order-based test for significant changes in gene expression. A method based on rank-order was employed to reinforce observed changes in expression based solely on fluorescence ratios. Rank-order scores for each cDNA clone were obtained from microarray experiments with the eight fully developed lymphomas with ALV-induced c-myb mutations as described in Experimental procedures. Random rank-order scores were generated from the eight normal bursal control experiment. On the horizontal axis, Z-values of the rank score for all eight tumor (filled circles), and normal control (open circles), are plotted on the vertical axis against the Log 2 of the mean fluorescence ratios. The boxes enclose clones scoring outside of the random variation of rank-order scores. (a) Clones with twofold or greater decreased expression in the tumor; and (b), with twofold or greater increased expression in the tumors decreased expression, in the primary and metastatic lymphomas with c-myb rearrangements indicated in Figure 2 , were also identified by rank-order analysis. Table 2 and 3 list genes identified corresponding to 91 cDNA clones with significantly altered expression by these tests. The higher number of clones in Figure 5 than in the tables reflects some cases of multiple clones for a single identified gene, but primarily clones which could not be matched with known proteins by database searching. The average change in expression for each gene, and its general functional role, is given in the tables. We have previously examined, by this microarray technique, gene expression in early embryonic bursas compared to the same normal 2-week bursal control used in the present experiment . We note that the number of genes showing expression changes during bursal development are smaller than during tumorigenesis, and that different genes show altered expression in tumors. Thus the differences in gene expression described here are, for the most part, not simple reflections of the normal embryonic target population, and most probably result from the direct and indirect actions of the oncogenic transcription factors.
Expression of c-myc in the myb-associated tumors
As indicated in Table 2 , one of the genes frequently overexpressed in this microarray analysis of this set of tumors was c-myc itself. Furthermore, its overexpression was at a level comparable to that seen in bursal neoplasms induced by Myc. The Northern blot-hybridization analysis of myc and myb RNA levels (Figure 2 ) quantitated on a phosphorimager yielded the same result as did the microarray, that is that five of the fully developed primary and metastatic tumors with c-myb rearrangements had strikingly elevated c-myc RNA levels. In contrast, levels of c-myb RNA were only modestly increased in a few of the samples. It is important to note that oncogenicity for Myb may depend as much upon structural change in the protein as upon overexpression (Jiang et al., 1997) , whereas deregulated expression of wild-type c-myc is thought to be sufficient for oncogenicity (reviewed in Grandori et al., 2000) . Therefore, c-myc could be an important target gene for T-Myb in this system regardless of the levels of myb RNA; in fact, the level of c-myc overexpression in the tumors did not relate consistently to the level of myb RNA. Similarly increased in embryonic bursa. We have noted that, while early stages of Mycinduced neoplasms (i.e. TF) have uniformly high levels of myc expression, end-stage metastatic lymphomas may have levels of myc RNA at or near the relatively low level in a normal 2-week bursa . In the present experiment, we do not know if the minority of large myb-associated tumors with relatively low levels of c-myc RNA, at the point in time that they were measured, might have had higher levels earlier in their development. Therefore, we cannot use them to rule out a role for Myb-induced c-myc deregulation in pathogenesis. This line of reasoning, however, does not resolve the apparent paradox of the very distinct transcriptional signatures between myb-associated and Myc-induced tumors ( Figure 5 ). While unlikely, based on correspondence of c-myc RNA and protein levels of Myc in other oncogenic systems (Gandori et al., 2000) , it is formally possible that cMyc protein was not overexpressed. It is also possible that T-Myb expression is dominant and suppresses a large part of the transcriptional effects of Myc overexpression. Finally, it is at least equally possible that the target cell for Myb transformation in the early bursa is sufficiently different from that for Myc transformation that it does not have the same extensive transcriptional response to overexpression of c-myc. Other more complex possibilities exist which also cannot easily be resolved from the present data. C-myc remains a plausible direct target of oncogenic T-myb in this experimental system.
Bursal lymphomagenesis by oncogenic transcription factors PE Neiman et al
Other genes and pathways implicated in oncogenesis
Besides c-myc, we did not find other known targets of Myb within the transcriptional signature of tumors with rearranged c-myb. One possibility is that T-Myb and cMyb may have different targets. The genes in Tables 2  and 3 represent other candidate direct and indirect targets of oncogenic Myb; these include genes and pathways implicated in cell proliferation and/or neoplasia in other systems. Several genes important for the cell division cycle were overexpressed, including a homolog of CDC-6, a G1 cyclin CDK target required for S phase in yeast (Muzi-Falconi and Kelly, 1995) , and CDC-20/ CDH-1, key for activation of the anaphase promoting complex (APC) Pfleger et al., 2001) , which also regulated G1-S transition, possibly through CDC-6 (Petersen et al., 2000; Sudo et al., 2001) . The average degree of elevation of expression of the CDH-1 homolog was particularly striking, seven fold on the microarray (Table 2) . We, therefore, confirmed the overexpression of CDH-1 by quantitative Northern (not shown). Additionally, in regard to regulation of cell division, we also noted increased expression of the Ran GTPase-binding protein RanBP-1. The Ran GTPase network is implicated in nucleocytoplasmic transport and a number of other functions such as cell cycle progression, chromosome stability and nuclear organization (reviewed in Kuersten et al., 2001 ). RanBP-1, which interacts with Ran-GTP, has recently been implicated in mitotic spindle function in mammalian cells (Guarguaglini et al., 2000) and in yeast, independently from its nuclear transport function (Ouspenski, 1998) . Finally, among the overexpressed genes in Table 2 are several proteins related to laminin binding. In particular, the ribosome-associated laminin receptor precursor 37LRP/p40 was modestly but consistently upregulated, a finding shared with many types of cancer and which is said to correlate with their invasive and metastatic phenotype (Jackers et al., 1996) . However, this possible implication for tumorigenesis is tempered by the fact (as noted in Table 2 ) that expression of these laminin-binding proteins is similarly elevated in embryonic bursal cells and, hence, might simply reflect their expression in the target cells for transformation by T-Myb.
Downregulation of gene expression in the tumors relative to normal differentiated bursal cells is to be expected with loss of differentiated function. However, a number of the genes with decreased expression in the tumors with c-myb rearrangements were either not similarly decreased in undifferentiated embryonic bursa, or were selectively repressed (i.e. were not repressed in Myc and/or vRel-induced tumors which also arise from undifferentiated bursal target populations). Therefore, at least some of the genes in Table 3 are candidate tumor suppressors in this system. The CDK inhibitor, p27, is an example of a known tumor suppressor gene (reviewed in Clurman and Porter, 1998), for which we found decreased expression in all three types of bursal lymphoma, but not in embryonic bursa. Another interesting example is the p53 family member p73, for which a clear role in tumorigenesis remains to be identified (reviewed in Irwin and Kaelin, 2001 ). Yet another gene in this class, with about a sixfold decrease in expression, encodes Ch-B1, a novel bursa-specific c-type lectin cell membrane molecule, which inhibits cell proliferation when crosslinked in a bursal lymphomaderived cell line (Goitsuka et al., 1997) . The Neurofibromatosis-1, NF-1, tumors suppressor is moderately repressed in tumor with a mutant c-myb allele, and in the v-Rel-induced tumors, but not in the Myc-induced neoplasms.
We have previously observed suppression of apoptosis in Myc-induced bursal lymphomas, which may be a phenotype necessary for tumor progression (Neiman et al., 1991) . The mechanism remains unknown. Table 3 reveals deep reductions in expression of several proapoptotic genes in tumors with c-myb arrangements, specifically Tall/TNF, Mtd/Bok and Caspase-3, which also seen in v-Rel-induced neoplasms, but not in the Myc oncogene-induced lymphomas. This observation suggests that suppression of apoptosis may occur in bursal tumors caused by mutant c-myb through mechanisms which are different from those downstream of deregulated c-myc. Reduction in expression of a number of genes, which function in different signal pathways was also observed among these tumors. In tumors with altered c-myb, as well as in v-Rel-induced tumors, molecules linking signaling from the BCR through the PI-3 kinase pathway, DAPP/Bam32 (Marshall et al., 2000) , PI-3kinase subunit p150 and, possibly BLNK (Sauer et al., 2001) , were conspicuous in this regard. Thus alteration of PI-3 kinase pathway signaling, strongly implicated in many forms of oncogenesis (reviewed in Blume-Jensen and Humter, 2001), may play a role in mutant Myb-induced lymphomagenesis.
Cluster analysis of c-myb mutant bursas and neoplasms
Hierarchical cluster analysis, by the method of Eisen et al. (1998) , was employed to compare patterns of gene expression of the clonal NF-containing bursas with primary and metastatic tumors and with tumors induced by Myc and v-Rel. A global normalization factor was determined for each array using the Cy-dye fluorescence ratios as described in Experimental methods and imposing: mean ¼ 0 and s.d. ¼ 1. Each array was subsequently normalized by applying the factor across the entire array. Following normalization, data from 31 hybridizations were subjected to cluster analysis and included: eight normal 2-week bursa controls, two normal embryonic (days 18 and 21) bursas, seven clonal NF-containing bursas, eight short-latency lymphomas with c-myb mutations, four Myc-induced lymphomas, and two v-Rel-induced lymphomas. In Figure 7 , we have selected from the whole analysis eight clusters of genes with similar patterns of expression (correlation coefficients>0.85), which appear to distinguish between the experimental groups (shown along the horizontal axis). Overexpression relative to normal 2-week bursas is indicated by red, underexpression by green, and the gene identities available for the cDNAs are indicated along the vertical axis. We did not detect, in tumors with mutant c-myb, a cluster that distinguished gene expression profiles in bulky primary versus metastatic lymphomas, nor did we detect patterns of expression which distinguished tumors with increased c-myc expression from those without such an increase, as we have in Figure 7 Cluster analysis. Data from 23 microarray experiments, left to right in order: 18-and 21-day embryonic bursa (first two columns), seven clonal NF-containing bursas, eight primary and metastatic lymphomas with ALV integration in c-myb detected by PCR, four metastatic lymphomas induced by Myc and two by v-Rel (last two columns) were subjected to cluster analysis as described in Experimental procedures. From the overall analysis, eight smaller clusters of cDNA clones with common expression patterns, which discriminate between the experimental groups, are depicted. Red signifies overexpression and green underexpression relative to normal 2-week bursa (black). The gene identification for each clone is given if known. Multiple clones with the same gene identification generally represents cDNAs with a different sequence from the same gene and/or are located in different parts of the spotted array providing an indication of consistency of results for that gene. Clones marked 'unknown protein' may represent different genes or different parts of the same gene Myc-induced lymphomas . We were, however, able to identify clusters in which patterns of gene expression clearly distinguish the group of clonal NF-containing bursas with c-myb mutations from all of the other groups. These signature expression clusters were not apparently influenced by the content of follicles with NF morphology (which in all but one case were a minority population). In addition, we could distinguish the tumors with mutant c-myb from the Myc-and v-Relinduced lymphomas, as expected from the analysis in Figure 2 .
Discussion
We have carried our a functional genomic analysis of tumorigenesis in the bursa associated with oncogenic mutation at the c-myb locus. These results were interpreted in the context of changes in bursal gene expression during lymphomagenesis induced by Myc and v-Rel oncogenes. This strategy was derived in part from the fact that extensive change in gene expression was observed in Myc-induced bursal lymphomagenesis , making it challenging to identify candidates for a core program for neoplastic change in this cell lineage. In fact, the expression profile associated with c-myb mutation turned out to be both more limited than and partially overlapping with that observed with Myc-and v-Rel-induced lymphomas. Further, the list of affected genes in Tables 2 and 3 appears rich in candidates for a role in oncogenesis as described above.
The fold increase or decrease for many genes identified in the signature was modest. To reinforce the conclusion that detected changes in expression of individual genes were real, we carried out two independent tests of significance. One was based on the conventional determination of variation (s.d.) in actual fluorescence ratios for each clone. The second was based on the rank-order of fluorescence ratios in the same multiple control experimental array experiments. Both approaches gave very similar results, and most of the genes we have discussed in this report appeared to have significantly altered expression patterns in both tests. The rank-order-based approach seems quite robust against array-specific deviations in fluorescence ratios ( Figure 6 ). Because rank-order is platform-independent, that is can be derived from different techniques for scoring expression, this approach may prove to be a useful alternative for comparative analysis of data sets from different types of microarray experiments. Variations of rank-order-based statistical tests for different microarray experiments are under development (Kimmel, Neiman et al., unpublished) .
A striking result is that target bursal cells bearing ALV integrations in c-myb, which were previously shown to be associated with short-latency lymphomas, produced such tumors in only about half of the cases. Although the proteins produced from these mutant myb genes were not examined in this study, it seems likely that mutant gene products expressed in experimental birds without short-latency tumors still produced a major effect on cellular proliferation in the bursa. This assertion derives from our observation that bursas in birds without fully developed tumors by 10 weeks of age had bursal follicles with an extensive clonal cell population, strongly suggesting a significant growth advantage for bursal precursors with mutant c-myb. If this interpretation is correct, then why did some of these clonal cell populations give rise to variable numbers of NF in some cases and in others progress rapidly to fullblown lymphomas? While we cannot yet draw firm conclusions, the data suggest a plausible scenario for further testing. We suggest that T-Myb by itself is not rapidly oncogenic in the bursa, but requires synergistic participation of additional genes to produce shortlatency lymphomas. The novel NF lesions well may be precursors of fully developed lymphomas resulting from a higher level expression of T-Myb as indicated by the metastatic tumor detected in one bird with many bursal NF (Table 1 and Figure 2 ). The cluster analysis ( Figure 7 ) suggests that this pathway to longer latency tumors may involve a pattern of altered gene expression distinct from that of the short-latency lymphomas. Finally, it remains quite possible that one cooperating oncogene in short-latency disease is c-myc since overexpression of that gene was frequent only in shortlatency neoplasms. Southern blot-hybridization analysis detected ALV insertions in the myc locus in two of the eight primary and metastatic lymphomas (not shown), both with c-myc overexpression. Three other myc overexpressing tumors, and the tumors without increased c-myc RNA, lacked ALV rearrangement at c-myc. Therefore, how c-myc becomes activated in the presence of c-myb mutation in some cases, but not others, remains to be fully explored. In addition, we note that all ALV-disrupted c-myb alleles, and hence all TMyb gene products, may not be functionally the same. Exploration of this possibility would require detailed analysis of a number of c-myb mutations from clonal bursas and short-latency lymphomas.
If Myc is a major contributor to mutant c-mybinduced short-latency bursal lymphomas, it does so without producing the full transcriptional signature that we have observed in bursal lymphomas induced by myc oncogenes alone. We have found that introduction and expression of transgenes in bursal stem cells in transplantation experiments have been useful to define the phenotypes associated with Myc in neoplastic bursal development. Use of vectors with defined myb alleles, alone and in combination with myc, or other candidate cooperating genes, such as those detected in this analysis, could provide a similarly useful method of defining further the pathways of oncogenesis due to mutation of c-myb.
Experimental procedures
Viruses and tumor induction
The construction and production of ALV strain DLR-9 have been described previously (Kanter et al., 1998) . 6 infectious units of ALV were injected into the chrorioallantoic vein of inbred 10-day-old SC line white leghorn chicken embryos (Hyline International, Dallas, IA, USA). Experimental birds were killed when ill or by the 10th week after hatching. Post-mortem examinations were performed, discrete tumor masses were dissected away from normal tissue, and tumor samples were dissolved in RNAzol (Tel-Test, Friendswood, TX, USA) for RNA extraction, frozen at À801C for DNA extraction or fixed in formalin for histological study. Histological examination of tumor samples indicated that the tumor mass was composed of 90% or greater lymphoma cells.
Detection of integrations into c-myb by nested PCR
Two rounds of PCR were used to detect viral integrations into c-myb as Figure 1 . The two viral primers (L1 and L2), in the U5 LTR, which do not hybridize to endogenous retroviruses were as previously described (Gong et al., 1998) except for a one nucleotide substitution in L2 to allow hybridization to LR-9 LTR sequences (L1 ¼ 5 0 -TGATGGCCGGACCGTTGATTC CCTGACGACTA-3 0 ; L2¼ 5 0 -TACGAGCACATG-CATGAAGCAGAAG-3 0 ). Two primers were chosen to hybridize to the 3 0 end of chicken c-myb exon 2 (B1 ¼ 5 0 -CGGGTCCACCTGGTTTTCCCTAGGTGA CG-3 0 ; B2 ¼ 5 0 -CGTTTCCCAGCCTTAGGAAGCAG GCCGTCG-3 0 ). Genomic DNA (1.2 mg) was used for amplification in Taq buffer (Invitrogen) with 1.5 mm MgCl 2 , 400 mm dNTPs (Roche), 1 mm of each primer (L1 and B1 for the first round; L2 and B2 for the second round), and 2.5 U of Taq (Invitrogen) in a 50 ml reaction. A 1 ml of the first PCR reaction mixture was used as template for the second PCR round. The reactions were denatured at 941C for 5 min, followed by 30 cycles (941C for 30 s, 601C for 30 s, 721C for 30 s) and ended with 7 min at 721C. GAPDH primers in exon 4 (G1) and exon 5 (G2) were used as control as described (Gong et al., 1998) . PCR products were separated by gel electrophoresis on a 1% agarose gel.
Probes for microarray analysis cDNA probes for microarray experiments were prepared from 50 mg of total cellular RNA by a modification of a protocol for indirect Cy-dye labeling available at:
http://cmgm.stanford.edu/pbrown/protocols/aadUTPcouplingProcedure.htm as previously described (Prichard et al., 2001) . Briefly, cDNA was prepared in 30 ml reactions containing oligo dT primer, 0.2 mm 5-(3-aminoally)-2 0 -deoxyuridine-5 0 triphosphate (amino acid dUTP, Sigma-Aldrich), 0.3 mm dTTP, 0.5 mm each dATP, dCTP and dGTP, and 380 U Superscript II reverse transcriptase (Life Technologies) for 1.5 h at 421C. Purified cDNA was then covalently coupled to either Cy3 or Cy5 monoreactive fluors (Amersham Pharmacia) through the aminoallyl linker in the presence of 50 mm NaHCO 3 (pH 9.0).
Microarray hybridization and data analysis
Production and use of a chicken immune system glass slide cDNA microarray recently have been described . Briefly, the array is composed of clones from three expressed sequence tagged (EST) libraries: about 1800 clones from the DT40subNB library derived from the DT40 bursal lymphoma cell line, about 1200 clones from a chicken activated T-cell library (Tirunagaru et al., 2000) , and about 500 clones from a normal 2-week bursal library, DKFZ426 (Abdrakhmanov et al., 2000) . The complete array contained 3451 cDNAs representing about 2700 different genes. Since cDNAs were derived from EST libraries, clones with the same gene identification usually contained different partial cDNA sequences and were located in different portions of the spotted array. The different representatives of the same gene served to help determine experimental consistency of expression results for individual genes of interest and were therefore included displays of results of cluster analysis (Figure 7) . With respect to ESTs with different sequences representing unknown proteins, we could not distinquish clones representing different parts of the same gene from those of different genes. Reference Cy dye-labeled probes from normal 2-week bursa were mixed with experimental probes (or normal bursal probes labeled with the other dye in normal variation control experiments) and simultaneously hybridized to microarrays under glass coverslips for 16 h at 631C. Fluorescent array images were collected for both Cy3 and Cy5 by using a GenePix 4000A fluorescent scanner (Axon Instruments, Foster City, CA, USA), and image intensity data were extracted and analysed by using Genepix pro 3.0 analysis software. Normalization of the Cy5 to Cy3 signal in each experiment was determined by assuming equal global hybridization of test and reference probes to DKFZ426 and T-celllibrary clones on the array. In addition, 45 clones on the array sensitive to low-level contamination of tumor cells with normal liver cells were removed from the analysis by identifying expression clusters (Eisen et al., 1998) containing highly expressed liver-specific market genes such as albumin.
Eight control experiments were performed using different preparations of normal posthaching 2-week bursa, labeled with Cy3 and Cy5 dyes. Variance between the eight normal experiments was determined for each gene on the array, as well as a mean value across eight experiments. As a standard for significant change in expression in experimental samples from tumors and other tissues, we used two standard deviations on either side of the mean fluorescence ratio in the eight control experiments. GeneSpring 4.2 array analysis software (Silicon Genetics, Redwood City, CA, USA) was used to construct the Venn diagram of clones with a significant change in expression in tumors shown in Figure 2 .
A second test, for consistent changes in gene expression was based on the rank-order of fluorescence ratios. For individual experiments, fluorescence ratios for each clone were ordered from highest to lowest value to produce a rank-order list. Rank-order score for any clone was given by j-(J-1)/2, where j is the rank-order number of that clone, and J the total clones in the experiment. Z-scores for rank, defined as the ratio of mean rank to standard error of the mean rank, were calculated for comparison with mean fluorescence ratios for the same group of experiments (Figure 3) .
Blot hybridization analysis
For Northern analysis, 10 mg of total RNA form each sample was size-fractionated by electrophoresis in fromaldehyde-agarose gels, and transferred to nylon membranes (Hybond N, Amersham, Pharmacia). Hybridization with random primed 32 P-labeled cDNA probes was carried to in 1 mm EDTA, 0.5 m NaPO 4 501C in 0.015 m NaCl, 1.5 mm Na-citrate, 0.1% SDS, pH 7.0, and signals were quantified on a phosphorimager.
For analysis with additional probes, blots were stripped by two 5 min washers in 1001C H 2 O.
Southern blot hybridization analysis was carried out on samples of 20 mg of DNA digested with PvuII. Digested DNA was size fractionated by electrophoresis on 1% agarose gel, transferred to GeneScreen Plus nylon membranes (Perkin-Elmer, Life Sciences) and hybridized under the same conditions described above with 32 P-labeled probes. The ALV probe was a gift from Alanna Ruddell, and consisted of about 400 bp of the LTR of Rous Associated Virus type-2 (RAV-2). Blots were stripped as described and reanalysed with a c-myb intron 1 probe consisting of the PCR product shown in Figure 1 .
